How mechanical cues from the extracellular environment are translated biochemically to modulate the effects of TGF-β on myofibroblast differentiation remains a crucial area of investigation. We report here that the focal adhesion protein, Hic-5 (also known as TGFB1I1), is required for the mechanically dependent generation of stress fibers in response to TGF-β. Successful generation of stress fibers promotes the nuclear localization of the transcriptional co-factor MRTF-A (also known as MKL1), and this correlates with the mechanically dependent induction of α smooth muscle actin (α-SMA) and Hic-5 in response to TGF-β. As a consequence of regulating stress fiber assembly, Hic-5 is required for the nuclear accumulation of MRTF-A and the induction of α-SMA as well as cellular contractility, suggesting a crucial role for Hic-5 in myofibroblast differentiation. Indeed, the expression of Hic-5 was transient in acute wounds and persistent in pathogenic scars, and Hic-5 colocalized with α-SMA expression in vivo. Taken together, these data suggest that a mechanically dependent feed-forward loop, elaborated by the reciprocal regulation of MRTF-A localization by Hic-5 and Hic-5 expression by MRTF-A, plays a crucial role in myofibroblast differentiation in response to TGF-β.
INTRODUCTION
In normal cutaneous wounds, myofibroblasts are present transiently -lost through apoptosis, phenotypic reversion or senescence. By contrast, in pathogenic settings, myofibroblasts remain in an activated state, continuing to generate and remodel collagen-rich scar tissue, resulting in the excessive tissue stiffening that is characteristic of organ fibrosis, tumor stroma and pathogenic scarring (Hinz, 2010; Tomasek et al., 2002; Van De Water et al., 2013) . Importantly, although myofibroblasts are responsible for the increased extracellular matrix (ECM) stiffness (decreased compliance) of scars, ECM rigidity and intracellular tension are also required for myofibroblast differentiation (Chan et al., 2010; Hinz, 2010; Tomasek et al., 2002; Van De Water et al., 2013) .
Active TGF-β is also required for myofibroblast differentiation and is derived from a latent TGF-β precursor that is associated with the ECM (Robertson et al., 2015) . A principal mechanism through which active TGF-β is generated involves integrin-mediated mechanical 'tugging' on latent TGF-β to release the active form (Klingberg et al., 2014; Wipff et al., 2007) . This dependence on, and generation of, tissue stiffness suggests that feed-forward loops drive myofibroblast differentiation as well as their persistence.
Myocardin-related transcription factor A (MRTF-A, also termed MKL1 or MAL) is a transcriptional co-factor that potentiates the activity of the ubiquitously expressed transcription factor serum response factor (SRF). MRTF-A and SRF bind to a promoter element (i.e. CArG box), and this complex is required for the expression of several contractile genes, including α-SMA (ACTA2), and plays a crucial role in myofibroblast differentiation (Crider et al., 2011; Sun et al., 2006; Wang et al., 2002) . Under conditions in which actin is polymerized (F-actin), the monomeric actin (G-actin) pool decreases, and the G-actin-dependent cytoplasmic sequestration of MRTF-A is relieved, thereby promoting the nuclear localization and transcriptional functions of MRTF-A (Miralles et al., 2003; Vartiainen et al., 2007) .
Actin-rich contractile stress fibers that are assembled in response to sufficient ECM stiffness provide a tension-dependent intracellular reservoir for F-actin that supports MRTF-A nuclear localization (Huang et al., 2012; Johnson et al., 2013; O'Connor et al., 2015) . TGF-β is known to promote the assembly of stress fibers in a Rho GTPase A (Rho-A)-and Rho Kinase (ROCK)-dependent manner, which leads to the nuclear localization of MRTF-A, and subsequent induction of focal adhesion and contractile genes, such as α-SMA (Cen et al., 2003; Crider et al., 2011; Sandbo et al., 2011; Small et al., 2010; Trembley et al., 2015; Zhao et al., 2007) . These data support a model in which stress fiber formation is not only a consequence but also a crucial regulator of myofibroblast differentiation.
We have previously reported that hypertrophic scar (HTS) myofibroblasts exhibit a stably differentiated and contractile phenotype in culture by elucidating a TGF-β-dependent autocrine loop in which the focal adhesion protein hydrogen peroxide inducible clone-5 (Hic-5; also termed TGFB1I1 or ARA55) is essential (Dabiri et al., 2006 (Dabiri et al., , 2008a . Hic-5 is a member of the LIMprotein family with homology (72% sequence similarity) to paxillin (Shibanuma et al., 1994; Thomas et al., 1999) . Like paxillin, Hic-5 is localized to focal adhesions through LIM domains and serves as a scaffolding protein that interacts with focal adhesion proteins FAK, Pyk2, FRNK, GIT1 and vinculin (Matsuya et al., 1998; Nishiya et al., 2002; Thomas et al., 1999) . However, Hic-5 and paxillin are differentially recruited to focal adhesions (Deakin and Turner, 2011) . Hic-5 has also been reported to translocate from focal adhesions to stress fibers in cells undergoing cyclic stretching (KimKaneyama et al., 2005; Nishiya et al., 1999; Yund et al., 2009 ).
Importantly, treating HTS myofibroblasts with small interfering (si) RNA against Hic-5 reduces p21 cip1 levels, thereby promoting cell cycle progression, and reduces latent TGF-β production, α-SMA expression, type I collagen production and collagen gel contraction (Dabiri et al., 2008a,b; Mori et al., 2012) . These data suggest a key functional role for Hic-5 in myofibroblasts.
Building on these previous findings, we hypothesized that Hic-5 plays a crucial regulatory role in myofibroblast differentiation. In vivo, wound healing experiments and staining of human hypertrophic scars revealed that Hic-5 expression often colocalized with that of α-SMA and was, like α-SMA, upregulated upon increasing mechanical tension. In vitro, TGF-β-dependent Hic-5 expression preceded induction of α-SMA, was mechanically sensitive and required both the canonical SMAD3 pathway as well as the non-canonical SRF-MRTF-A pathway in normal human dermal fibroblasts (NHDFs). Importantly, Hic-5 expression was required for TGF-β to synergize with extracellular stiffness in promoting stress fiber growth and myofibroblast differentiation, and for TGF-β-dependent MRTF-A nuclear translocation and α-SMA induction. These data indicate that the reciprocal regulation of MRTF-A localization by Hic-5 and Hic-5 expression by MRTF-A defines a new mechanically sensitive positive feed-forward loop that promotes the myofibroblast phenotype.
RESULTS

Hic-5 expression in myofibroblasts in vivo
Hic-5 expression, in vivo, has been observed in contractile cell types -including myoepithelial cells and smooth muscle cells -and in contractile tissues such as the bladder and uterus, suggesting a role for Hic-5 in establishing or maintaining a contractile state (Wang et al., 2011; Yuminamochi et al., 2003) . We now report that Hic-5 is also expressed in myofibroblasts during normal cutaneous rat wound healing, as is α-SMA (days 6-10, Fig. 1A ). Neither Hic-5 nor α-SMA expression was detectable in the granulation tissue 14 days post wounding, which is consistent with the transient appearance of myofibroblasts during normal acute wound healing. In contrast to normal wound tissue, Hic-5 expression persists in fibrotic scar tissue, such as human HTS tissues resected 2 years or 4 months post injury (Fig. 1B and C, respectively) . Staining of Hic-5 and α-SMA overlapped in adjacent tissue sections (Fig. 1B) and colocalized within HTS tissue (Fig. 1C) . The pattern of Hic-5 expression observed in acute wounds and pathogenic scars suggests a functional role for Hic-5 in the contractile myofibroblast phenotype.
Hic-5 expression in myofibroblasts is modulated by extracellular stiffness in vivo Increased mechanical tension within healing wounds promotes early and prolonged expression of myofibroblast markers, including α-SMA, and is a contributing factor to the persistence of pathogenic myofibroblasts in fibrotic tissues such as HTS (Hinz, 2015; Van De Water et al., 2013) . We evaluated the expression of α-SMA and Hic-5 in full-thickness rat wounds with and without the increased mechanical tension induced by wound splinting. Significant expression of Hic-5 and α-SMA was observed at 6 and 8 days post wounding in unsplinted rat wounds but was significantly reduced by day 10 ( Fig. 2A) . Expression of Hic-5 and α-SMA within splinted wounds was similar to that in unsplinted wounds at day 6. However, in splinted wounds, both markers were upregulated at day 8 and persisted through day 10 (Fig. 2B ), demonstrating that, during wound healing, levels of Hic-5, like those of α-SMA, are augmented by increased mechanical tension. Importantly, Hic-5 and α-SMA expression was observed within many of the same cells and, in some cases, colocalized in similar structures (Fig. 2C) .
Induction of Hic-5 requires both the canonical SMAD3 and the non-canonical TGF-β-dependent MRTF-A-SRF pathways Our observations in vivo prompted us to identify the mechanism by which Hic-5 is induced by TGF-β in primary NHDFs in vitro. We found that the TGF-β-dependent induction of Hic-5 was markedly reduced by inhibition of the TGF-β receptor kinases with SB431542 (Fig. 3A) . Hic-5 induction by TGF-β occurred as early as 24 h in control NHDFs and further increased after 48 h of stimulation, whereas α-SMA induction by TGF-β was only significant after 48 h of stimulation (Fig. 3C,D) . SMAD3 knockdown (Fig. 3B ) significantly reduced the induction of both Hic-5 (Fig. 3C ) and α-SMA (Fig. 3D ) after 48 h of TGF-β stimulation.
One way in which SMADs are thought to regulate the induction of contractile genes important for myofibroblast differentiation is by regulating the expression and function of MRTF-A (Charbonney et al., 2011; Masszi et al., 2010; Mihira et al., 2012; Morita et al., 2007; Scharenberg et al., 2014) . We observed that MRTF-A levels were significantly lower in SMAD3-depleted NHDFs at 48 h post treatment (Fig. 3B,E) , suggesting that the SMAD3 knockdown could impact Hic-5 and α-SMA induction through regulation of MRTF-A levels. MRTF-A is known to promote transcription by binding to SRF, and the Hic-5 promoter contains the CArG box that is utilized in smooth muscle cells by SRF and the smooth-musclespecific SRF co-factor myocardin (Sun et al., 2006; Wang et al., 2011) . We found that knockdown of SRF by using siRNA resulted in some but not complete inhibition of Hic-5 induction by TGF-β at 24 h and 48 h (Fig. 3F,G) . By contrast, TGF-β stimulation failed to induce α-SMA at any time point in SRF-depleted NHDFs (Fig. 3H) .
We next hypothesized that MRTF-A is also required for TGF-β-dependent induction of Hic-5. Therefore, we infected NHDFs with lentivirus expressing non-targeting or MRTF-A-targeting small hairpin (sh)RNA and performed a TGF-β stimulation time course (0-48 h). Under control conditions (non-targeting shRNA), we found that TGF-β-stimulated Hic-5 induction occurred at 24 h and further increased at 48 h in NHDFs (Fig. 3I) . By contrast, NHDFs expressing an shRNA targeting MRTF-A failed to show TGF-β-induced expression of Hic-5 or α-SMA at any time point. Moreover, unstimulated basal levels of Hic-5 and α-SMA were reduced in NHDFs that expressed MRTF-A-targeting shRNA (Fig. 3I) . To confirm the role of MRTF-A in Hic-5 expression, we overexpressed MRTF-A by infecting NHDFs with differing concentrations of an adenovirus expressing either GFP or MRTF-A. We observed a dose-dependent increase in Hic-5 expression in response to MRTF-A overexpression when compared to that in cells infected with GFPexpressing control adenovirus, demonstrating that MRTF-A has the capacity to regulate Hic-5 expression (Fig. 3J ). These data demonstrate that MRTF-A is both required for the induction of Hic-5 by TGF-β and is sufficient to stimulate Hic-5 expression when overexpressed.
Induction of Hic-5 is mechanically sensitive in vitro
Given the fact that Hic-5 expression in vivo is augmented by mechanical tension (Fig. 2) , we sought to determine if Hic-5 induction by TGF-β is mechanically sensitive in NHDFs in vitro, and if so, through which mechanisms this occurs. We cultured NHDFs on polyacrylamide hydrogels (PAHGs) with Young's moduli that approximated the stiffness of wounds -the provisional matrix and early granulation tissue, ∼0.5 kPa (soft) and ∼8.5 kPa (stiff ), respectively (Hinz, 2010; Tse and Engler, 2010) . We observed a TGF-β-dependent increase in Hic-5 protein on stiff PAHG as early as 16 h (P=0.18, two-way ANOVA, Tukey posthoc analysis), which became statistically significant at 24 h and was increased further at 48 h post TGF-β stimulation (Fig. 4A,B) ; α-SMA was induced only at the 48-h time point on stiff PAHG (Fig. 4A,C) . By contrast, NHDFs that had been cultured on soft PAHG showed significantly reduced Hic-5 and α-SMA induction by TGF-β at the 48-h time point (Fig. 4B,C) .
We next evaluated the relative activation of SMAD3 by TGF-β on stiff and soft PAHGs and found that activation of SMAD3 was unaffected by ECM stiffness, as measured by the level of phosphorylation of SMAD3 (Fig. 4D,E) . However, the nuclear localization of MRTF-A has recently been shown to be mechanically sensitive owing to a deficit in actin polymerization in cells cultured on soft PAHGs (Huang et al., 2012; Johnson et al., 2014; O'Connor et al., 2015) . We cultured NHDFs on either stiff or soft PAHGs, and treated them with TGF-β for 48 h before cell lysates were separated into cytoplasmic and nuclear fractions (Fig. 4F) . Although total expression levels of MRTF-A were unaltered by TGF-β and substrate stiffness (Fig. 4A ), MRTF-A nuclear accumulation occurred in response to TGF-β stimulation on stiff PAHGs. Nuclear accumulation of MRTF-A on soft PAHGs was substantially reduced (Fig. 4F,G) .
We next determined whether or not rescuing the nuclear localization of MRTF-A on soft PAHGs would be sufficient to stimulate Hic-5 expression, as others have reported for α-SMA (Huang et al., 2012) . We infected NHDFs with a lentivirus containing a doxycycline-inducible promoter with a constitutively nuclear MRTF-A cDNA (CA-MRTF-A) that does not encode the Nterminal RPEL domains, which facilitate binding to G-actin and nuclear export (Muehlich et al., 2008) . These NHDFs were then cultured on PAHGs for 48 h and serum starved overnight before stimulating expression of CA-MRTF-A with 0.5 µg/ml doxycycline for 24 h (Fig. 4H) . Expression of CA-MRTF-A was sufficient to stimulate expression of Hic-5 (Fig. 4I ) and α-SMA (Fig. 4J ) to similar levels, regardless of PAHG stiffness, in the absence of TGF-β. Taken together, these data demonstrate that TGF-β-mediated induction of Hic-5 precedes the induction of α-SMA on stiff PAHGs and correlates with the nuclear localization of MRTF-A. In contrast, MRTF-A was mostly cytoplasmic in NHDFs that had been cultured on soft PAHGs, and Hic-5 and α-SMA levels remained low in the presence of TGF-β. Our data suggest that the failure of sufficient Closely adjacent rat wound sections were immunostained for Hic-5 or α-SMA (bottom) at 6, 8, 10, 14 days after injury (epidermis at top of section). Hic-5 and α-SMA levels were elevated in the wound edge at 6 days and reached a maximum at 8 days relative to adjacent unwounded dermis (marked *). Staining for Hic-5 and α-SMA decreased by day 10 and was almost entirely absent from the scar by day 14 post injury. (B) Closely adjacent sections of human HTS that had been resected 2 years post injury were immunostained for Hic-5 (left and middle panels) or α-SMA (right panel) (epidermis at top of section, box in left panel indicates areas shown middle and right). (C) Cryostat sections of human hypertrophic scar tissue (4 months post injury) were double-stained for Hic-5 (red) and α-SMA (green) with directly conjugated antibodies. The analysis of Hic-5 and α-SMA proteins shows extensive colocalization deep within the scar tissue (right panel) (epidermis to the top of section but not visible). Scale bars: 500 µm (A,B); 100 µM (C). The gain was altered in images for α-SMA and Hic-5 to reduce the intense staining for both proteins within arterioles (arrow) (C). levels of MRTF-A to accumulate in the nucleus of NHDFs on soft PAHGs is responsible for the reduced induction of Hic-5 and α-SMA in response to TGF-β.
Hic-5 is required for stress fiber formation in response to TGF-β MRTF-A translocation to, and retention in, the nucleus is dependent upon the actin polymerization state, and Hic-5 has been shown to regulate the formation of supermature focal adhesions, to interact with vinculin when RhoA is active and to bind to stress fibers in cells under cyclical strain (Dabiri et al., 2006 (Dabiri et al., , 2008a Deakin and Turner, 2011; Kim-Kaneyama et al., 2005) . We next hypothesized that Hic-5 could regulate stress fiber formation, thereby influencing myofibroblast differentiation. NHDFs that had been grown on plastic, transduced with non-targeting shRNA-expressing lentivirus and stimulated with TGF-β showed increases in F-actin ( phalloidin) staining after 24 h, whereas NHDFs that expressed a Hic-5-targeting shRNA showed dramatically decreased phalloidin staining under both basal and TGF-β-stimulated conditions (Fig. 5A,B) . TGF-β promoted a modest but statistically insignificant shift from G-actin to F-actin in control cells; however, Hic-5-knockdown cells showed substantially less F-actin, even in the presence of TGF-β, as determined by ultracentrifugation (Fig. 5C,D ). These data demonstrate a crucial role for Hic-5 in the formation of the contractile actin cytoskeleton. Importantly, actin polymerization in response to TGF-β was gradual and continued to occur at 48 and 72 h after stimulation, becoming statistically significant at 48 h (Fig. S1 ). Therefore, for the remainder of the study, stimulation with TGF-β was performed for 48 h.
MRTF-A and Hic-5 expression are required for the contractile phenotype
Cellular contraction is a crucial function of myofibroblasts, requiring the formation of a robust actin cytoskeleton. We hypothesized that MRTF-A, like Hic-5, is required for normal stress fiber formation and cellular contractility. To test this hypothesis, we analyzed the capacity of NHDFs that either expressed MRTF-A-targeting shRNA or had been transfected with Hic-5-targeting siRNAs to generate stress fibers in response to TGF-β after 48 h of stimulation (Fig. 6A,B) . We conclude that both MRTF-A and Hic-5 are required for stress fiber assembly in response to TGF-β. We next cultured NHDFs on thin soft silicone substrates and observed significant defects in the ability of the cells to generate wrinkles in the substrate when either Hic-5 or MRTF-A had been knocked down by using shRNA interference ( Fig. 6C-E) . Taken together, these data demonstrate that MRTF-A and Hic-5 are required for cellular contraction in NHDFs by regulating stress fibers. Hic-5 regulates induction of α-SMA in response to TGF-β stimulation by facilitating nuclear localization of MRTF-A We next tested the requirement for Hic-5 in the induction of α-SMA in response to TGF-β. NDHFs were transfected with Hic-5-targeting or non-targeting siRNAs before stimulation with TGF-β (48 h). Indeed, knockdown with two independent siRNA oligonucleotides demonstrated a requirement for Hic-5 in the induction of α-SMA after 48 h of TGF-β stimulation (Fig. 7A,B) . We then fractioned the lysates into cytoplasmic and nuclear compartments and observed a marked redistribution of MRTF-A to the nuclear fraction in NHDFs that had been transfected with the non-targeting siRNA. NHDFs that had been transfected with Hic-5-targeting siRNAs had significantly less MRTF-A in nuclear fractions at the 48-h time point (Fig. 7C,D) . This effect was also observed at 24 h when NHDFs were transduced with shRNA-expressing lentivirus (Fig. S2) . These data suggest that Hic-5 regulates the induction of α-SMA in response to TGF-β by facilitating sufficient nuclear accumulation of MRTF-A.
Interestingly, we also observed TGF-β-dependent nuclear accumulation of Hic-5 at 48 h (Fig. 7C, left) . Hic-5 has been shown to serve as a transcriptional co-factor for some genes (Heitzer and DeFranco, 2006; Kim-Kaneyama, 2012 ). Therefore, we tested the hypothesis that nuclear Hic-5 is required for α-SMA expression. To do so, we knocked down Hic-5 with pooled siRNA duplexes ( Fig. 7A-D) in fibroblasts that expressed the doxycycline-inducible CA-MRTF-A construct, in order to bypass the requirement for ) with TGF-β were lysed and subjected to western blotting for phosphorylated SMAD3 (P-SMAD3) and total SMAD3 (T-SMAD3). (E) Pooled data (n=3) are shown expressing the relative phosphorylation of SMAD3 as a ratio of the phosphorylated to total SMAD3 levels. (F) NHDFs that had been cultured (48 h) on soft or stiff PAHGs (with or without TGF-β) were extracted (see Materials and Methods section) and analyzed by western blotting for nuclear ('N') and cytoplasmic ('C') MRTF-A. Lamin A/C and RhoGDI and were used as nuclear and cytoplasmic loading controls, respectively. (G) NHDFs that had been treated as described in panel F were immunostained for MRTF-A (green) and co-stained with Hoechst 33342 (blue). Scale bar: 50 µm. (H) NHDFs that had been infected with a lentivirus encoding a doxycycline-inducible constitutively active MRTF-A construct (CA-MRTF-A) were cultured on soft or stiff PAHGs in serum-free medium with or without doxycycline (0.5 µg/ml) for 24 h. (I,J) Pooled data taken from the blot in H for (I) Hic-5 and (J) α-SMA (n=3). Statistical significance was determined by two-way ANOVA followed by Tukey's post-hoc analysis (*P<0.05) for panels B,C,E,I,J. Error bars are ±s.e.m. n.s., not significant.
Hic-5 in the nuclear localization of MRTF-A. These cells were serum starved overnight before stimulation with 0.5 µg/ml doxycycline for 24 h (Fig. 7E) . The increase of α-SMA that was induced by CA-MRTF-A was not significantly different in cells that either did (control siRNA) or did not ( pooled siRNAs against Hic-5) express Hic-5 (Fig. 7E,F ). These data demonstrate that a role for Hic-5 as a transcriptional co-regulator is not required for the MRTF-A-SRF-dependent induction of α-SMA. Taken with our earlier data, we conclude that Hic-5 regulates TGF-β-dependent induction of α-SMA by supporting the formation of stress fibers and promoting MRTF-A translocation to the nucleus.
Hic-5 potentiates the synergy between TGF-β and extracellular stiffness by regulating stress fiber maturation Because Hic-5 regulates stress fibers as well as the induction of α-SMA in response to TGF-β on plastic, we hypothesized that Hic-5 expression is required for the synergy between extracellular stiffness and TGF-β that is necessary for myofibroblast differentiation. NHDFs were transfected with non-targeting control or pooled Hic-5-targeting siRNA duplexes, and cultured on soft or stiff PAHGs. After 48 h of TGF-β stimulation, we observed that NHDFs that had been transfected with control siRNAs and cultured on soft PAHGs responded to TGF-β by producing short and disorganized stress fibers, simultaneously adopting a rounded morphology (Fig. 8A) . The staining pattern of Hic-5 in NHDFs that had been cultured on soft PAHGs was diffuse and cytoplasmic, whereas TGF-β-stimulated samples showed concentrated Hic-5 staining that partially overlapped with that of F-actin. Hic-5-depleted fibroblasts that had been cultured on soft PAHGs failed to generate noticeable stress fibers after TGF-β stimulation, and their morphology remained similar to that of serum-free treated samples without TGF-β (Fig. 8A) . NHDFs that had been transfected with control siRNAs and cultured on stiff PAHGs in serum-free medium contained few prominent stress fibers, and Hic-5 staining was predominately diffuse. After exposure to TGF-β, these NHDFs developed prominent stress fibers and Hic-5 staining that was concentrated in focal adhesions and appeared to partially colocalize with stress fibers. By contrast, Hic-5-depleted NHDFs that had been cultured on stiff PAHGs showed very few stress fibers after TGF-β treatment, and phalloidin staining was mostly diffuse and disorganized relative to that of control NHDFs (Fig. 8A) . These data suggest that Hic-5 expression is required for extracellular stiffness to support the stress-fiber-stimulating effects of TGF-β.
We then sought to quantify actin polymerization in response to TGF-β within these samples. However, challenges arising from the delicate nature of PAHGs prevented us from utilizing the ultracentrifugation techniques that we had successfully employed previously (above) (Fig. 5) . We, therefore, took advantage of the fact that F-actin is insoluble in Triton X-100 and lysed cells either before or after extraction, which we found to be a suitable method for quantifying changes in F-actin in response to TGF-β (Fig. S1) . Levels of Triton-X-100-insoluble actin (F-actin) dramatically increased in response to TGF-β in Hic-5-expressing NHDFs that had been cultured on stiff PAHGs when compared with those in NHDFs that had been cultured on soft PAHGs. However, TGF-β-dependent increases in F-actin were modest in Hic-5-depleted NHDFs, regardless of PAHG stiffness (Fig. 8B,C) . Importantly, although TGF-β did induce total actin to some degree in all samples, none of these increases were significantly different among the tested groups (Fig. 8D ). These data demonstrate that the ability of cells to generate F-actin in response to TGF-β is facilitated by the expression of Hic-5 and sufficient extracellular stiffness. Finally, we probed the capacity of Hic-5 to promote the TGF-β-dependent induction of α-SMA in NHDFs that had been cultured on soft and stiff PAHGs and treated with TGF-β. The induction of both Hic-5 and α-SMA levels by TGF-β were significantly augmented when control NHDFs were cultured on stiff PAHGs (see Fig. 4A-C) . By contrast, extracellular stiffness failed to support the induction of α-SMA in response to treatment with TGF-β in Hic-5-depleted fibroblasts (Fig. 8E) . Taken together, these data demonstrate a crucial role for Hic-5 in potentiating the synergy between TGF-β and extracellular stiffness with respect to stress fiber assembly and myofibroblast differentiation.
DISCUSSION
The impact of the mechanical properties of the ECM on disease pathology and myofibroblast function is well recognized, but the mechanisms through which mechanical and biochemical signals converge to support pathogenesis remain unclear. In this study, we report that the focal adhesion protein Hic-5 is expressed by myofibroblasts in vivo. Mechanically splinted rat wounds and human HTS tissue exhibited higher and prolonged expression of Hic-5 and α-SMA than that found in normal healing wounds, suggesting that, like α-SMA, Hic-5 expression is promoted and extended temporally through increased mechanical challenge (Hinz, 2010) . We also found that Hic-5 and α-SMA induction by TGF-β requires a stiff microenvironment in vitro and that Hic-5 induction precedes that of α-SMA in NHDFs. The induction of Hic-5 by TGF-β required both the canonical SMAD3 and non-canonical MRTF-A-SRF pathways. We observed normal phosphorylation of SMAD3 but reduced nuclear localization of MRTF-A in cells that had been cultured on soft PAHGs, which correlated with blunted induction of Hic-5 expression by TGF-β. These data indicate that the mechanical sensitivity of the MRTF-A pathway is responsible for the reduced induction of Hic-5 in NHDFs cultured on soft PAHGs. Indeed, when a constitutively nuclear mutant of MRTF-A was expressed in NHDFs, Hic-5 and α-SMA were expressed to equal extents, regardless of extracellular stiffness. Notably, we also established that Hic-5 and MRTF-A expression are both required for the prominent assembly of stress fibers in response to TGF-β and cell-derived contractile forces. Our data illuminate a crucial role for Hic-5 in the differentiation and perpetuation of the contractile myofibroblast phenotype in pathogenic settings.
Increased mechanical stiffness of the ECM is required for myofibroblast differentiation and contributes to fibrosis. Changes in ECM stiffness alter how cells interact with molecules in the extracellular space as well as how molecules interact intracellularly. As an example of the former, increased stiffness in the ECM is known to promote the integrin-dependent mechanical activation of TGF-β (Klingberg et al., 2014; Wipff et al., 2007) . As an example of the latter, the cellular localization of a transcriptional co-factor (MRTF-A) can alter gene expression as a consequence of changes in the actin cytoskeleton driven by mechanical properties of the extracellular environment (Huang et al., 2012; Johnson et al., 2013; O'Connor et al., 2015) . We found that in serum-starved NHDFs, MRTF-A was primarily localized in the cytoplasm, regardless of the mechanical stiffness of the culture milieu. However, upon TGF-β stimulation, nuclear accumulation of MRTF-A occurred more readily in NHDFs that had been cultured on stiff, compared to soft, PAHG substrates. We now observe a direct link between the mechanical sensitivity of MRTF-A localization in response to TGF-β and the mechanical sensitivity of actin polymerization during stress fiber assembly, and we report that Hic-5 is an essential component of this link. We infer from our data that Hic-5-dependent sustained development of stress fibers in pathogenic myofibroblasts supports persistent MRTF-A localization, thereby perpetuating the myofibroblast phenotype. Consistent with this notion is the observation that small molecules that promote MRTF-A function result in quicker wound closure (Velasquez et al., 2013) , whereas MRTF-A inhibitors can reduce fibrotic markers in scleroderma mouse models Shiwen et al., 2015) .
Stress fibers are unique cytoskeletal structures that generate force and bear mechanical loads. Stress fiber formation is known to require a certain level of extracellular stiffness from the ECM (Burridge and Wittchen, 2013; Hinz, 2010) . Activation of RhoA is a crucial step in stress fiber assembly, and RhoA activation is augmented when tension is applied to integrins (Guilluy et al., 2011; Zhao et al., 2007) . A stiff ECM is likely to support this process by resisting cellular contractile forces and allowing build-up of isometric tension within the engaged integrins. Isometric tension across actin filaments has also been shown to stabilize F-actin through reduced cofilin binding, in addition to decreased spontaneous depolymerization rates (Hayakawa et al., 2011; Lee et al., 2013) . The capacity of extracellular tension conveyed by the ECM to regulate the growth or stability of stress fibers and to evoke changes in the expression of genes involved in regulating contractility highlights the importance of MRTF-A as a crucial link between ECM stiffness and myofibroblast differentiation. Importantly, these findings suggest that disrupting the capacity of TGF-β to promote the generation of stress fibers would decouple ECM stiffness from myofibroblast differentiation by preventing nuclear accumulation of MRTF-A, resulting in decreased cellular contractility (Fig. 6) . The development of stress fibers not only promotes the nuclear localization of MRTF-A but is also reinforced through MRTF-A function by inducing genes such as Hic-5, which potentiate this mechanically sensitive feed-forward loop.
Our data reveal a potentially important regulatory difference between the TGF-β-dependent induction of Hic-5 and α-SMA. Hic-5 and α-SMA induction are absolutely dependent upon MRTF-A, whereas Hic-5 can be partially induced in the absence of SRF, suggesting that MRTF-A might have the capacity to regulate Hic-5 through an SRF-independent mechanism (Fig. 3) . Moreover, silencing SMAD3 also impacted the TGF-β-dependent induction of Hic-5, suggesting that a putative MRTF-A-and (C) NHDFs that had been treated as described in panel A were fractioned into cytoplasmic ('C') or nuclear ('N') lysates before western blot analysis. RhoGDI and lamin A/C were used as cytoplasmic and nuclear loading controls, respectively. (D) Pooled data depicting nuclear MRTF-A levels, normalized to the levels of lamin A/C. (E) NHDFs that had been infected with a lentivirus encoding the doxycyclineinducible CA-MRTF-A construct were transfected with non-targeting or pooled Hic-5-targeting siRNAs and stimulated with doxycycline (0.5 μg/ml) for 24 h (representative, n=3). (F) Expression of CA-MRTF-A stimulated α-SMA expression to statistically similar levels, even when Hic-5 was knocked down ('KD'). Statistical significance was determined by twoway ANOVA and Tukey's post-hoc analysis (*P<0.05) for panels B,D,F. Error bars are +s.e.m. n.s., not significant. SMAD3-dependent mechanism induces Hic-5 during the earlier phases following TGF-β induction, thereby initiating a new pool of Hic-5 to support the growth of stress fibers and to stabilize nuclear MRTF-A. In fact, SMAD3 and MRTF-A are known to interact as a transcriptionally active complex during epithelial-mesenchymal transition (EMT) (Morita et al., 2007) . Indeed, it has been suggested that myofibroblast differentiation is biphasic with an early SMADdependent phase that induces genes, which aid in stress fiber growth (Sandbo et al., 2011) , and then a later contractile phase governed by MRTF-A and SRF (Charbonney et al., 2011; Masszi et al., 2010) .
Importantly, there are other mechanisms through which Hic-5 might regulate myofibroblast differentiation. Hic-5 interacts with SMAD-family members, altering their stability, and could regulate the biphasic differentiation by terminating this early SMADdependent phase and enabling the later MRTF-A-SRF phase (Charbonney et al., 2011; Masszi et al., 2010; Wang et al., 2008 Wang et al., , 2005 . The reported negative regulation of SMAD7 by Hic-5 might also partially explain the recent finding that Hic-5-knockout mice are resistant to the development of liver fibrosis (Lei et al., 2016) . Hic-5 has also been reported to serve as a transcriptional coregulator for specific genes [e.g. p21 cip1 (Mori et al., 2012) ], raising the possibility that Hic-5 might also regulate myofibroblast differentiation in this manner. Intriguingly, we did observe TGF-β-dependent nuclear translocation of Hic-5 at 48 h (Fig. 7C ) but not at 24 h after treatment (Fig. S2) . However, we also showed that a constitutively nuclear mutant of MRTF-A successfully induces α-SMA, even in the absence of Hic-5, indicating that MRTF-Adependent induction of α-SMA is not strictly dependent on the transcription co-factor activities of Hic-5 (Fig. 7E,F) . Interestingly, our data also demonstrate that although a modest level of MRTF-A was present in the nucleus of Hic-5-depleted cells (Fig. 7C,D) , it was insufficient to promote induction of α-SMA (Fig. 7A,B) , suggesting that the induction of α-SMA requires a higher threshold level of nuclear MRTF-A than can be generated in the absence of Hic-5.
We also observed that SMAD3 knockdown significantly reduced expression of MRTF-A and, thus, could influence Hic-5 and α-SMA expression indirectly (Fig. 3B,E) . By contrast, it has been reported that during EMT, a SMAD3-dependent loss of MRTF-A occurs in the absence of stabilizing levels of β-catenin (Charbonney, 2011) . Others have shown that SMADs participate in the transcription of MRTF-A downstream of TGF-β (Mihira et al., 2012; Scharenberg et al., 2014) . However, we did not observe significant induction of MRTF-A in response to TGF-β, despite observing an overall SMAD3-dependence of MRTF-A expression in NHDFs, suggesting that the relationship between these proteins might be different in fibroblasts (Fig. 3B,E) . Experiments are currently underway in our laboratory to test how SMAD3 and MRTF-A participate in Hic-5 induction and the extent to which Hic-5 modulates SMAD-MRTF-A signaling. Taken together, our data (A) NHDFs that had been transfected with non-targeting or pooled Hic-5-targeting siRNAs were cultured (48 h) with TGF-β (10 ng/ml) on soft or stiff PAHGs, fixed, permeabilized and immunostained for Hic-5 (green), and stained for DNA (blue) and F-actin ( phalloidin, red). (B) Triton X-100-extracted lysates or total cell lysates of NHDFs that had been cultured as described in panel A were analyzed by western blotting for pan-actin and lamin A/C. (C) Fold changes in F-actin were determined by calculating the increase in pan-actin band intensity in response to TGF-β within Triton-insoluble lysates and then normalizing to lamin A/C expression ( pooled data, n=3). (D) TGF-β-induced changes in total actin were determined by calculating the increase in pan-actin band intensity in response to TGF-β within total lysates and normalizing to lamin A/C levels from total lysates ( pooled data, n=3). (E) A representative western blot (n=3) of the total lysates of samples shown in B, which were probed for Hic-5, α-SMA and GAPDH. Statistical significance was determined by two-way ANOVA and Tukey's post-hoc analysis (*P<0.05). Scale bar: 50 µm (A). Error bars are +s.e.m. n.s., not significant. support our conclusion that the main function of Hic-5 in the early stages of myofibroblast differentiation is to facilitate stress fiber growth, thereby promoting nuclear accumulation of MRTF-A.
In summary, our data provide new evidence that demonstrates a crucial role for Hic-5 in the TGF-β-dependent commitment to the differentiated myofibroblast phenotype. The dependence on Hic-5 for stress fiber assembly in response to TGF-β, a mechanically dependent process, suggests that there is a crucial role for Hic-5 in translating mechanical cues from the ECM into gene expression through the action of MRTF-A. The reciprocity in the regulation of MRTF-A localization and Hic-5 expression implies the existence of a mechanically sensitive feed-forward loop that is initiated when the ECM is sufficiently stiff to support the Hic-5-dependent assembly of actin-rich stress fibers in response to TGF-β, and is enforced with the induction of Hic-5 by MRTF-A. By contrast, TGF-β fails to induce stress fiber assembly when the ECM is too soft, resulting in the failure to sustain a pool of nuclear MRTF-A. This model suggests that disruption of isometric tension could be an important therapeutic strategy for fibrotic diseases that occur in skin, as well as in parenchymal organs such as the lung and liver. Our data differ from those of a recent study on pulmonary fibroblasts, in which depletion of Hic-5 augmented both basal α-SMA expression and TGF-β induction of α-SMA after 24 h (Desai et al., 2014) . However, when we knocked down Hic-5 in IMR-90 cells with two different siRNA duplexes, we observed the opposite result, namely that the induction of α-SMA after 24 h and 48 h of TGF-β stimulation (2 ng/ml) was reduced in Hic-5-deficient cells. In addition, we did not detect increases in baseline α-SMA expression as a result of Hic-5 knockdown, suggesting that the pro-fibrotic feed-forward loop proposed here could also apply to pulmonary fibrosis (Fig. S3) . Indeed, others have now shown a requirement for Hic-5 in the TGF-β-dependent induction of α-SMA in glomerular mesangial cells, suggesting that this relationship could be conserved in other cell types (Pattabiraman and Rao, 2015) .
Indeed, therapeutic approaches have sought to increase the compliance of the ECM in fibrotic tissues or tumor stroma by mechanical means (Wong et al., 2013) , or by inhibiting collagen crosslinking enzymes such as lysyl oxidases (Levental et al., 2009) . Targeting TGF-β or MRTF-A therapeutically has the potential for unintended pleotropic consequences, given the wide range of cells that respond to or express these proteins (Derynck and Miyazono, 2008; Wang et al., 2002) . We speculate that targeting the function of Hic-5 might provide an important therapeutic approach in which ECM stiffness is decoupled from changes in gene expression, thereby limiting myofibroblast pathogenesis. Finally, we have demonstrated previously a crucial role for Hic-5 in regulating hypertrophic scar myofibroblast function in vitro by establishing an autocrine feed-forward loop in which Hic-5 is induced by TGF-β and is required for synthesis of TGF-β and type I collagen (Dabiri et al., 2006 (Dabiri et al., , 2008a . The feed-forward loops described previously and reported here might not be mutually exclusive and could work in concert to regulate myofibroblast differentiation as well as to perpetuate the pathogenic myofibroblast phenotype.
MATERIALS AND METHODS
Materials
SB431542, HEPES buffer, sodium pyruvate, 3-aminopropyl trimethoxysilane, TEMED, NaOH and ammonium persulfate were purchased from Sigma-Aldrich. Collagenase (catalog number 4197) and DNAse (catalog number 2139) were purchased from Worthington Biochemical Corporation (Lakewood, NJ). Recombinant human active TGF-β1 was purchased from R&D Systems. Coverslips (catalog number 12-546-2-25CIR-2), surfasil, acrylamide and bis-acrylamide were purchased from Fisher (Pittsburgh, PA). Antibodies against the following proteins were used: SRF (clone G20), Myc and RhoGDI (Santa Cruz); Hic-5 (clone 34; BD Biosciences); GAPDH (Ambion -Applied Biosystems); α-SMA (clone 1A4; Sigma-Aldrich); phosphorylated SMAD3 (catalog number EP823Y), total SMAD3 (catalog number EP568Y) and V5 (catalog number ab27671; Abcam); lamin A/C (catalog number 2032; Cell Signaling); pan-actin (Cytoskeleton, Denver, CO); MRTF-A (MKL1, catalog number A302-201A; Bethyl Laboratories).
RNAimax, Opti-mem, antibiotic-antimycotic (100× liquid), RPMI Medium 1640 and Alexa-Fluor-594-phalloidin were purchased from Invitrogen. An F-actin-G-actin fractionation kit was purchased from Cytoskeleton. Dicer-substrate RNAs were purchased from Integrated DNA Technologies (Coralville, IA). Collagen type 1 was purchased from Advanced Biomatrix (catalog number 5005-B; San Diego, CA). Polydimethylsiloxane (PDMS; 184 silicone elastomer) was purchased from Dow Corning (Midland, MI).
Cell culture
Primary NHDFs were purified from tissue obtained at Albany Medical Center under the auspices of protocols approved by the Institutional Review Board (IRB) at Albany Medical Center. Tissue was enzymatically digested (2225 U/ ml collagenase and 200 U/ml DNAse) in RPMI buffer (4 ml/g of tissue), strained (60 µM filter) and cultured in complete medium (see below). Cells were immunostained with an anti-vimentin antibody to confirm their mesenchymal lineage. Cells were maintained in a humidified incubator at 37°C under 10% CO 2 in serum-containing medium (McCarthy et al., 1997) comprising DMEM, 1% penicillin-streptomycin and 10% fetal bovine serum. Serum-free medium comprised DMEM and 1% penicillin-streptomycin. IMR 90 fibroblasts, purchased from American Type Culture Collection (ATCC; lot: 60286830), were cultured as described above for NHDFs. NHDFs and IMR 90 fibroblasts were serum starved overnight before treatment with TGF-β.
Immunohistology
Rat wound tissue (4-mm diameter, full thickness; approved by Albany Medical College Institutional Animal Care and Use Committee) was obtained from female Sprague-Dawley rats at the indicated time points and processed as described previously (Singh et al., 2009 ). Resected HTS tissue was obtained without individual identifiers with approval of the Institutional Review Board (Massachusetts General Hospital; MGH) while Dr Van De Water was at Shriners Hospital, MGH and Harvard Medical School, Boston, MA. Immunostaining was performed on 10-μm paraffin sections using directly labeled primary antibodies against Hic-5 (clone 34, BD Biosciences; dilution 1:500) and α-SMA (clone 1A4, Sigma-Aldrich; dilution 1:500) or visualized with horse radish peroxidase (HRP)-conjugated secondary reagents (ABC method, Vector Labs; dilutions 1:2000). Slides were examined, and images were taken on a SPOT color mosaic camera and associated software.
Immunofluorescence
Samples were fixed in 4% paraformaldehyde in PBS for 10 min, washed with PBS and quenched with 0.1 M glycine before permeabilization with 0.5% Triton X-100 or 0.02% saponin in PBS. Samples were then blocked in 5% BSA and incubated with primary antibody overnight (dilutions 1:500 Hic-5; 1:500 MRTF-A; 1:1000 vinculin), washed with TBST or PBS with 0.5% BSA and 0.02% saponin before incubation with secondary antibodies, phalloidin and Hoechst 33342 for 1 h. Slides were examined and images taken on a Roper/Photometrics Coolsnap ES camera. Confocal images were taken on an Olympus 1X81 microscope with a Fluoview FV1000 laser and analyzed using Olympus Fluoview FV10-ASW software (Fig. 2C ). Images were processed using Nikon Elements software. In some cases (see figure  legends) , the images were altered by adjusting the gain function; however, these manipulations were applied equally to all images for a given channel within a given experiment.
Western blot analysis
Protein lysates from NHDFs and HTS fibroblasts were prepared in Laemmli buffer, separated by SDS-PAGE, transferred to nitrocellulose and analyzed with antibodies against the following proteins: Hic-5, GAPDH, Erk1 and Erk2 (all at 1:1000 dilution); Myc (1:200 dilution); SRF (1:5000 dilution); MRTF-A (1:500 dilution); α-SMA (1:2000 dilution). Relative protein expression was normalized to that of an internal loading control (GAPDH or lamin A/C) and expressed as a fold change relative to the average ratio (n=3 or more) in control lysates.
RNA interference
MRTF-A and Hic-5 knockdown and non-targeting shRNA sequences were as follows: MRTF-A sense 5′-CATGGAGCTGGTGGAGAAGAA-3′ [it is important to note that this targeting sequence targets MRTF-A as well as MRTF-B in mice but is specific to MRTF-A in humans ]; Hic-5 sense 5′-CGGTTGCTTCAGGAACTTAAT-3′; non-targeting sense 5′-CAACAAGATGAAGAGCACCAA-3′.
Dicer-substrate siRNAs targeting Hic-5 were as follows: duplex 1 sense 5′-GGAACUUAAUGCCACUCAGUUCAAC-3′; duplex 2 sense 5′-GG-UGGCUUCAGGAGAGCAGAAGGAG-3′. Other siRNAs targeting the following genes were: SRF duplex 1 sense 5′-ACAGCACCAAGAGUG-AAUGAUCCGC-3′; SRF duplex 2 sense 5′-AGAUGGAGUUCAUCG-ACAACAAGCT-3′ (data not shown); SMAD3 duplex 1 sense 5′-GCUC-AAAUGUGAUGAGAUAUCAGAAAUCUCAUCACA-3′; SMAD3 duplex 2 sense 5′-AUCUCAAAGAGAUUCGAAACCGUCAUUCGAAUCU-CU-3′ (data not shown); non-targeting duplex sense 5′-CGUUAAUCG-CGUAUAAUACGCGUAT-3′. Each siRNA was used at a 10 nM concentration and was reverse transfected into NDHFs with RNAimax using the manufacturer's protocol. NHDFs were trypsinized and replated after an overnight or a 72-h incubation with the dicer substrate siRNAs and allowed to recover in serum-containing medium for 24 h before serum starvation and TGF-β stimulation.
Adenovirus infection
Adenovirus encoding Myc-tagged MRTF-A (CMV promoter) has been described previously (Zhang et al., 2007) . Three dilutions of virus (in Opti-MEM) were added to NHDFs for 16 h. A GFP-expressing adenovirus was used as a control at a comparable concentration to the highest concentration used for the MRTF-A-expressing adenovirus. Cells were allowed to recover in conditioned medium for 48 h before protein was harvested and analyzed by western blotting, as previously described.
Lentivirus infection
Lentiviruses were produced in HEK293FT cells according to the manufacturer's instructions (Invitrogen). Viruses were added to NHDFs for 24 h with polybrene (final 6 µg/ml). Virus was removed, and cells were replated and allowed to recover for 48 h before the start of the experiment.
Quantification of actin polymerization
The ratio of F-actin:G-actin was quantified using a specific fractionation kit as per the manufacturer's instructions (Cytoskeleton) (Fig. 5) . Alternatively, an adapted protocol for isolating F-actin using Triton extraction was employed (Brown et al., 1976; Sandbo et al., 2011) . Briefly, NHDFs were washed with ice-cold PBS without Ca 2+ or Mg 2+ and then extracted with five buffer exchanges of ice-cold 0.1% Triton X-100, 0.1 mM EGTA and 0.1 mM EDTA in PBS without Ca 2+ or Mg 2+ before lysis with 1× SDS Laemmli buffer containing protease inhibitor cocktail and 0.1 M DTT (Fig. 8 and Fig. S1 ).
Preparation of PAHGs
A protocol was adapted from Cretu et al., 2010; Tse and Engler, 2010; Yeung et al., 2005 . In brief, coverslips were prepared for PAHG crosslinking by incubating cells with NaOH (0.1 M, 3 min) and 3-aminopropyltrimethoxysilane (97%, 3 min), followed by treatment with glutaraldehyde (0.5%, 30 min).
PAHGs were prepared by mixing different concentrations of acrylamide and bis-acrylamide [acrylamide 5% and bis-acrylamide 0.225% for 'stiff' PAHGs (∼8.5 kPa) and acrylamide 3% and bis-acrylamide 0.06% for 'soft' PAHGs (∼0.5 kPa) (Tse and Engler, 2010) ]. PAHGs were allowed to polymerize for 2 h in a humidified chamber before functionalizing the surface with 0.5 mg/ml Sulpho-SANPAH in 10 mM HEPES, pH 6, using the spectrolinker XL-1500 (Spectroline, Westbury, NY) set to the highest setting for 3 min (UV 365 nm). PAHGs were washed with PBS ( pH 7) before crosslinking type 1 collagen to the surface at 50 µg/ml, diluted in icecold PBS just before addition to the PAHGs, and the PAHGs were then incubated on ice. After 15 min, excess collagen was washed away with PBS before cell seeding.
Preparation of PDMS-coated plates for wrinkle assays PDMS was mixed at an 80:1 base to curing agent ratio and poured into the wells of a 6-well plate. The PDMS was then degassed and then cured at 65°C overnight. PDMS surfaces were treated with plasma to promote cell attachment.
Statistical analysis
Western blots were imaged using a Bio-Rad ChemiDoc MP imaging system, and densitometry was performed using Image Lab 4.1 software. Changes in the levels of the proteins of interest were calculated by dividing the proteinto-loading-control ratio of a lane by the protein-to-loading-control ratio of the blot, which was subsequently normalized to the average control value from at least three independent experiments. Statistical analysis was performed on the normalized data using Prism 6 software (see figure legends for statistical tests performed).
